Here we identify the cis-acting elements of NP1 and NP2 that are necessary for nitrate-dependent transcription by linker-scanning (1s) analysis. In transgenic plants one LS mutant of NP1 and two LS mutants of NP2 exhibited significantly lower nitrate-induced reporter gene chloramphenicol acetyltransferase activity. To distinguish which of these three mutants lost nitrate inducibility, competitive reverse-transcriptase polymerase chain reaction was used t o measure the chloramphenicol acetyltransferase mRNA levels before and after nitrate induction. The single LS mutant in N P l lost its response to nitrate, whereas the t w o LS mutants in NP2 partially lost their response to nitrate. A 12-bp sequence is conserved between the NP1 site and the two NP2 sites. This sequence motif is also conserved i n the 5' flanking regions of other nitrate-inducible plant genes. Cel mobility shift experiments indicate that these three regions bind t o similar proteins. The binding is constitutive with respect t o nitrate treatment and was observed in both nonphotosynthetic suspension cells and green leaves.
Nitrate is the major form of soil nitrogen available to higher plants. Prior to incorporation into amino acids, nitrate must be reduced to nitrite by NR (EC 1.6.6.1). Nitrite is subsequently reduced to ammonium by NiR (EC 1.7.7.1). This ability to reduce nitrate to ammonium allows a11 higher plants to assimilate inorganic nitrogen. The nitrate reduction process is energy consuming, and the incorporation of ammonium ion into amino acids requires carbon skeletons. In addition, nitrite and ammonium ions are toxic to the cell when accumulated. To prevent excessive use of the plant carbohydrate reserves and to avoid the accumulation of toxic intermediates, NR gene expression is tightly regulated. Many interna1 and externa1 factors, including nitrate, light signals, photosynthesis, plant hormones, and a circadian clock, affect NR gene expression (see selected reviews, Solomonson and Barber, 1990; Warner and Kleinhofs, 1992; Hoff et al., 1994; Crawford, 1995) . Nitrate is the most critical factor required for the expression of NR genes. Without nitrate, NR genes are expressed at a low leve1 even in the presence of other factors. The response of NR gene expression to nitrate is rapid. Steadystate mRNA levels increase within 15 to 30 min after exposure of the plants to nitrate (Gowri and Campbell, 1989; Melzer et al., 1989; Cheng et al., 1991) . The rapid increase of NR mRNA in response to nitrate is due, at least in part, to increased transcription (Callaci and Smarrelli, 1991; Vaucheret et al., 1992; Lin et al., 1994) . When the 5' proximal region of Arabidopsis tkaliana NR1 is deleted to -238 bp (designated NP1) and that of NR2 is deleted to -330 bp (designated NP2), each retains CAT expression and nitrateinducibility in transgenic tobacco plants comparable to that of the entire regions prior to deletion (Lin et al., 1994) . These results indicate that NP1 and NP2 contain the cis-acting elements necessary for nitrate-dependent transcription. Nitrate not only increases the transcription of NR genes, but also increases the transcription of NiR genes (Rastogi et al., 1993; Neininger et al., 1994; Sander et al., 1995) .
The analysis of nitrate-dependent transcription has been difficult, mainly due to two problems. First, trace amounts of nitrate can increase the transcription of NR genes. Second, the NR genes are expressed at relatively low levels even when induced fully. These problems are further confounded by the observation that the induction of host NR gene expression in tobacco has a negative effect on the expression of transgenes carrying NR sequences of closely related species (Vaucheret et al., 1992; Vaucheret and Caboche, 1995) . We developed procedures to overcome these problems and conducted a 5' nested deletion analysis of NP1 and NP2 (Lin et al., 1994) . Here we extend these procedures to analyze NP1 and NP2 further by LS analyses and a DNA::protein binding assay. Because the two Arabidopsis NR genes are coordinately regulated by nitrate (Cheng et al., 1991) , both genes were analyzed in parallel to facilitate the identification of cis-acting elements that are necessary for nitrate-dependent transcription.
MATERIALS AND METHODS

Construction of LS Mutants
A new method (Taylor, 1995) was used to create the LS mutants, as illustrated in Figure 1 . NP1 and NP2 (contain-Plant Physiol. Vol. 1 1 3, 1997 -2 Xba I I ZANI I LS mutants were confirmed by the dideoxy chaintermination method (Sanger et al., 1977) . Finally, the HindIII-EcoRI fragments containing the NP1 (or NP2) LS mutants-CAT-NOS3' were cloned into binary vector pBIN121R, as described previously (Cheng et al., 1992) . ing -238 and -330 bp, respectively, to their translational start sites) were cloned in the miniplasmid 7rAN7 (Lutz et al., 1987) . These two constructs served as PCR templates for constructing the LS mutants. Each LS mutant was created by inverse PCR (Ochman et al., 1990) . Oligonucleotide primers were designed with the 3' 10 to 15 bases complementary to the cloned NP1 and NP2 sequences. The remaining 16 bases were designed so that the 5' 9 bp were constant among a11 of the primers containing the TGC and XbaI sites (TCTAGA). Between the constant and the complementary regions are 7-bp variable mutant sequences. The details for how each 7-base mutant sequence was chosen are described in "Discussion." Each pair of primers, oriented in opposite directions on the template, were positioned 20 bp apart and amplified by PCR (Fig. 1) . For the majority of primer pairs, the amplification was carried out for 24 cycles at 94°C for 1 min, 36°C for 1 min, and 72°C for 2 min. Occasionally, the annealing temperature was increased to 42°C. The PCR-amplified DNA was digested with XbaI and then circularized by ligation, producing a 20-bp substitution. These 7rAN7 plasmids carrying the LS mutants were transformed into bacterial strain W3110 r-m+ (p3) (Mindich et al., 1978) . The 7rAN7 plasmids carrying the LS mutants were digested with HindIII and NcoI to excise the mutated NP1 and NP2, which were then ligated with the HindIII-and NcoI-digested BlueCATKS (Schaffner and Sheen, 1991 Plant transformation and growth conditions were described previously (Lin et al., 1994) . Nitrate-induction treatments for CAT activity assays were also described previously (Lin et al., 1994) .
For competitive RT-PCR analysis, surface-sterilized T, seeds were germinated and grown for 2 weeks at 25°C with constant shaking at 120 rpm in liquid culture medium containing 1 X MS salts (Murashige and Skoog, 1962) , 2% SUC, 100 pg/mL Benlate (DuPont), and 50 pg/mL kanamycin under a 16-/8-h day/night cycle with a light intensity at 150 pmol mp2 spl, which was generated by a cool-white fluorescent source. Approximately 20 green (kanamycinresistant) seedlings were washed and grown for an additional 7 d under constant light in an ammonium medium containing no nitrate (Cheng et al., 1991 ), 2% SUC, or 100 pg/mL Benlate. Leaves were harvested before and 30 min after the addition of 10 mM KNO,.
Nicotiana tabacum SR1 plants for nuclear isolation were grown in a greenhouse, and green, fully expanded leaves were harvested from 2-month-old plants. Two hours prior to harvesting the leaves, the plants were irrigated with Hoagland solution (Hoagland and Arnon, 1950) . The N.
tabacum cell line NT-1 was obtained from G. An (Washington State University, Pullman) and maintained as previously described (An, 1985) . Nuclear extracts were isolated from the NT-1 cell culture grown for 10 d in MS salts supplemented with 100 mg / L inositol, 1 mg / L thiamineHCl, 180 mg/L KH,PO,, 3% SUC, and 2 mg/L 2,4-D. The cells were transferred to ammonium salts (Cheng et al., 1991) with the same supplements as above for 2 weeks. During this period, the liquid culture medium was changed with a fresh medium weekly. Cells were harvested before and 1 h after the addition of 50 mM KNO,.
Competitive RT-PCR Assay
Total RNA was isolated from tobacco tissues by the acidic phenol method (Chomczynski and Sacchi, 1987) and treated with DNaseI to remove residual genomic DNA. For the RT reaction, 1 pg of RNA and 10 ng of the primer corresponding to the coding region of CAT (CAT-335-19, 5'-ATCGTCGTGGTATTCACTC-3') were used. The reaction conditions are as described previously (Conley et al., 1994) . The two CAT primers used for PCR are 20-bp oligonucleotides complementary to the CAT coding region (the 5' primer, CAT-1-20, 5'-ATGGAAAAAAAATCACTGG-3', and the 3' primer, CAT-305-20, 5'-AACGTTTCAGTTTG-CTCATG-3') that amplify the CAT coding region to produce a 305-bp fragment. The CAT competitor DNA was constructed by inserting a 141-bp PvuII fragment from A DNA into the PvuII site closest to the 5' end of the CAT coding region. The primers CAT-1-20 and CAT-305-20 yield an amplified product of 446 bp when this competitor is used as a template. The PCR conditions are as described previously (Conley et al., 1994) .
The amplified products were separated by electrophoresis on a 4% polyacrylamide-8 M urea denaturing gel. Dried gels were exposed to phosphor imager screens and quantified (PhosphorImager, Molecular Dynamics, Sunnyvale, CA). All five of the LS mutants, except LS1-10, exhibited similar levels of CAT activity. We performed titrations using the RNA samples from one NPl wild type and one LS1-10 transformant (data not shown). Based on the titration results, two competitor concentrations (0.1 and 0.05 pg) for LS1-10 and one concentration (1.0 pg) for all of the other mutants were used (Siebert and Larrick, 1992) . For each reaction, the ratio of counts in the "native" CAT target band and the CAT competitor band was determined. For each independent transformant, the target/ competitor ratio of the nitrate-induced RNA sample was divided by the ratio for ammonium-grown plants to obtain the magnitude of nitrate induction.
Preparation of Nuclear Extracts
For each preparation of leaf nuclei, 20 g of tissue was used. Procedures were based on those of Conley et al. (1994) . For each preparation of suspension cell nuclei, 10 g of cells was harvested and frozen in liquid nitrogen. Nuclei were prepared as described by Hall et al. (1991) .
Nuclear extracts were prepared according to Green et al. (1987) . From 20 g of leaf tissue and 10 g of suspensioncultured cells, approximately 0.5 and 0.13 mg of protein, respectively, were obtained.
Cel Mobility Shift Experiments
The DNA fragments used for probes were generated by PCR amplification using the appropriate mutant primers and the wild-type construct as a template. They were subsequently cloned into the SmaI site of the pBluescript SK+ (Stratagene). Plasmid clones containing these fragments were digested with BamHI and EcoRI and gel-fractionated. Purified fragments were end-labeled with [a-32P]dATP by filling in the 5' overhangs with a DNA polymerase I large fragment to a specific activity of 1 x 10' to 5 x 10' cpm/pg DNA. Each binding reaction contained 3.5 pg of nuclear protein and 0.5 ng of DNA probe (40,000-60,000 cpm) as described previously (Company et al., 1988) . Binding reactions were carried out at 25°C for 30 min. The samples were loaded onto 4% native polyacrylamide gel and electrophoresed in 0.5 X Tris-borate-EDTA buffer. Electrophoresis was carried out at 250 V during loading until the samples had entered the gel, followed by 130 V until bromphenol blue had migrated to the end of the gel. The electrophoresis steps were carried out at 4°C. The gel was dried and subjected to autoradiography.
Statistical Analysis
Statistical software (Minitab Inc., State College, PA) was used for ANOVA and to determine Dunnett's intervals.
Data were transformed logarithmically to stabilize the variantes prior to one-way ANOVA. For the CAT activities on MS medium, ANOVA indicated strongly that differences existed among the constructs (P < 0.001 for NP1; P = 0.001 for NP2). Dunnett's comparisons were done with an experiment-wise error rate at 0.05.
For the nitrate induction data, ANOVA indicated that differences existed among the constructs (P = 0.123 for NP1; P = 0.008 for NP2). Considering the small sample size, even though the P value was high for NP1, we decided to pursue the analysis further. Using Dunnett's comparisons, with an experiment-wise error rate at 0.05, the results were suggestive: in NP1, LS1-10 was lower than the wild type; in NP2, LS2-9 and LS2-12 were lower than the wild type. To reduce the chance of making a type-I1 error, we relaxed the experiment-wise error rate to 0.15 (individual error rate was at 0.02 for NP1 and at 0.01 for NP2) and, indeed, these three were significantly lower than their respective wild-type constructs.
D N A Sequence Analysis
DNA sequence data were compiled and analyzed using the Genetics Computer Group Sequence Analysis Software package for the VAX computer (Devereux et al., 1984) . DNA sequence optimal alignments were conducted using the BestFit program according to Smith et al. (1983) . Each LS sequence was compared with overlapping 20-bp sequences covering the entire NP1 and NP2. Database searches were performed using the FAST A program of Lipman and Pearson (1985) as implemented on the VAX. The FindPattern program from the Genetics Computer Group package was used to identify nucleotide similarity among the sequences.
RESULTS
Transcription Activity of LS Mutants on MS Medium
We have demonstrated by deletion analyses in transgenic tobacco plants that 238 and 330 bp of the 5' flanking regions of NR1 and NR2, respectively (designated NP1 and NP2), confer "full levels" of CAT reporter gene expression and nitrate-inducibility in transgenic tobacco plants (Lin et al., 1994) . To identify the nitrate-response element(s) within NP1 and NP2, we performed an LS analysis in the context of these two deletion constructs. A new strategy was used to construct the LS mutants as illustrated in Figure 1 . Sequential LS mutants of 20 bp spanning the entire length from -238 of NP1 and -330 of NP2 to immediately 5' of their respective TATA elements were made. The mutant and wild-type sequences are presented in the bottom panels of Figures 2 and 3.
The relative transcription levels of each LS mutant and the wild-type constructs were compared by measuring the CAT activity of 20 to 30 independent transgenic plants grown on the MS medium, which contains both ammonium and nitrate. As observed previously (Lin et al., 1994) , among the 20 to 30 independent transgenic plants carrying the same LS construct, approximately 25% did not exhibit CAT activity above the leve1 in the nontransgenic SR1 tobacco leaves. These plants were excluded from calculations. The means and SE values of the CAT activity for the remaining independent transgenic plants carrying the same LS construct are shown in the top panels of Figures 2 (NP1) and 3 (NP2). One-way ANOVA and Dunnett's comparison methods were used to analyze these data to determine which LS mutants exhibited CAT activity significantly different from that of the wild type. These analyses indicated that LS1-10, LS2-12, and LS2-13 were significantly lower than their respective wild-type constructs; the differences between LS1-9, LS1-11, and LS2-9 and their respective wild-type constructs were nearly significant. Because stringent parameters were used in the statistical tests (see "Materials and Methods"), we considered a11 six of the LS regions as candidates possibly containing positive cisacting elements. In addition to these mutants, which exhibited lower levels of CAT activity, LS1-8 of NP1 exhibited a significantly higher leve1 of expression than the wild-type construct, indicating the possible existence of a negative element in this region. These results do not show whether nitrate increases transcription through activation or "derepression." If nitrate induces transcriptional activity through a positive cis-acting element, mutation in this element should decrease nitrate-dependent transcription. Alternatively, if nitrate increases transcription through "derepression," mutations in the negative cis-acting element should result in increased transcription in the absence of nitrate and no further increase in the presence of nitrate. To distinguish between the two possibilities, we tested the effect of nitrate on CAT activity in a11 of the LS mutants.
The Response of LS Mutants to Nitrate Determined by CAT Activity
Although position effects cause wide variations in the levels of transgene expression, the magnitude of nitrateinducibility in transgenic plants exhibits less variation (Lin et al., 1994) . Therefore, three to six independent transformants for each LS construct were chosen to analyze induction of the CAT activity by nitrate. The magnitude of nitrate induction was calculated as the ratio of the CAT activities of nitrate-induced and ammonium-grown transgenic plants. As described previously (Lin et al., 1994) , explants containing a node and no leaves were transferred to an ammonium medium and allowed to grow for 5 weeks to minimize nitrate and CAT protein carryover from MSgrown plants. CAT activities in each independent transformant grown on ammonium were assayed before and after nitrate induction (Tables I and 11 magnitude of nitrate induction than that of the wild-type constructs. None of the mutants exhibited a magnitude of nitrate induction significantly higher than that of the wild type. Three mutants, LS1-10, LS2-9, and LS2-12, exhibited a magnitude of nitrate induction significantly lower than that of their respective wild-type constructs. A11 of the LS mutants with CAT activity similar to or higher than wildtype levels retained the nitrate-inducibility of CAT activity, indicating that no negative element in NP1 and NP2 is involved in nitrate regulation. Mutations ;n the positive cis-acting elements should result in a decrease or a loss of nitrate-inducibility. As described in the previous section, six regions were considered to contain potentially positive cis-acting elements. Among the three NP1 mutants with low CAT activity (Fig. 2) , only LS1-10 exhibited significantly lower nitrate induction (1.4-fold) than the wild type (10.8-fold). Among the three NP2 mutants with low CAT activity (Fig. 3) , LS2-9 and LS2-12 exhibited significantly lower nitrate induction (both at 1.5-fold) than the wild type (4.3-fold). Therefore, positive nitrate-response elements are likely to be present within the wild-type sequences that correspond to LS1-10, LS2-9, and LS2-12.
Sequences Necessary for Nitrate-Dependent Transcription Determined by CAT mRNA
Although transcribed at low levels in the absence of nitrate, NPl and NP2 still exhibited discernible levels of CAT activity when grown on the ammonium medium (Tables I and 11 ). We suspect that the accumulation of the CAT protein may obscure increases in the rate of transcription among those LS mutants that exhibit low activity. To overcome this problem, CAT mRNA levels before and after nitrate addition were quantified using competitive RT-PCR (Siebert and Larrick, 1992; Simpson et al., 1992) . For these analyses, we adapted a liquid culture method developed previously for growing Arabidopsis to grow T, transgenic tobacco plants (Cheng et al., 1992) . Plants grow rapidly in this condition and it is convenient to deplete and to add nitrate to the liquid medium. Kanamycin-resistant T, seedlings from two to three independent TI transformants that were analyzed previously (Tables I and 11) were used for each wild-type and LS construct that exhibited a low magnitude of nitrate induction. The magnitude of nitrate induction in a11 independent transformants is shown in Table  111 . Competitive RT-PCR results of a representative set of transgenic plants are shown in Figure 4 . Whereas wild-type NP1 exhibited a 6.1-to 8.7-fold nitrate induction, LS1-10 exhibited no induction. The two LS mutants, LS1-9 and LS1-11, that flank LS1-10 still responded to nitrate. This result is consistent with the analysis based on CAT activity, in which LS1-10 was the only LS mutant in NP1 that exhibited significantly lower than wild-type nitrateinducibility (Table I) . Based on the amount of CAT competitor used, LS1-10 not only lost nitrate-inducibility, but also had a 90 to 95% decrease in steady-state CAT mRNA levels (Fig. 4) . In the case of NP2, both LS2-9 and LS2-12 exhibited nitrate-inducibility at reduced levels.
When the 20-bp wild-type sequences corresponding to these three regions were compared, a striking similarity was apparent among the wild-type sequences for LSI-10, LS2-9, and LS2-12 (Figs. 2 and 3) . A 12-bp sequence containing a 7-bp A/T stretch followed by A(C/G)TCA is present in a11 three regions. The apparent redundancy of the sequence motif in the regions corresponding to LS2-9 and LS2-12 in NP2 is consistent with the results that both mutants still exhibit nitrate-inducibility, albeit at lower levels. Taken together, the functional analysis and sequence comparison strongly suggest that the three regions corresponding to LS1-10, LS2-9, and LS2-12 contain positive cis-acting elements that are necessary for nitratedependent transcription. 
Table II. Nitrate i n d u c t i o n of C A T expression d r i v e n bv N P 2 LS mutants
The Protein Binding Activity of the Conserved Regions
The results obtained by the promoter functional analysis and sequence comparison suggested that the three regions corresponding to LS1-10, LS2-9, and LS2-12 contain the binding sites for DNA-binding factors. To test this hypothesis, the wild-type sequences corresponding to LS1-10, LS2-9, and LS2-12, flanked by their neighboring LS mutant sequences (Fig. 5A, I , 11, and 111, respectively), were used as probes in gel mobility shift analysis. Indeed, they all formed complexes with nuclear extracts that migrated to similar positions (Fig. 5B, lanes 1-3) . If these complexes were formed with identical proteins, the three different DNA fragments should compete with one another for binding. Therefore, DNA fragment I was used as the probe, and various amounts of nonlabeled DNA fragments I (lanes 2 4 ) , I1 (lanes 5-7), or I11 (lanes 8-10) were used as the competitor (Fig. 5C ). All three DNA fragments competed with probe I for the complex formation with similar efficiencies. Binding of nuclear extracts to probe I was abolished partially at 100-fold molar excess and was abolished completely at 300-fold molar excess by a11 three competitors.
In addition to the 12-bp consensus sequences (Fig. 5A,  underlined) , flanking regions in all three DNA fragments used in gel mobility shift experiments contain polylinker sequences (sites flanking SmaI in pBluescript SKt) and TCTAGA (the XbaI site created in a11 of the LS mutants) (Fig. 5A) . To confirm that the observed complex formation is not due to the flanking regions, a control DNA fragment containing the common sequences (but not the 12-bp consensus sequence) was used as a competitor. This fragment did not compete with probe I at 300-fold molar excess (Fig.  5C, lane 11) . The 12-bp consensus sequence is A/T rich: (T/A)T(T/A)A(T/A)(T/A)(T/A)A(C/G)TCA. Therefore, poly(dA-dT) was used as a competitor in the experiments shown in Figure 5B (lanes 4-6), and it did not compete with the complexes formed by any of the three probes.
To determine whether the complex formation is facilitated in response to nitrate induction, nuclear extracts were prepared from tobacco suspension-cultured cells grown in ammonium with and without nitrate addition. When these nuclear extracts were used in gel mobility shift assays, they formed complexes with probe I with no appreciable differences in size and affinity (Fig. 6, lanes 1 and 2) . These complexes migrate at the same position as those formed with nuclear extracts from leaves (Fig. 6, lane 3) . These results suggest that the interactions of the DNA-binding protein(s) with the consensus sequence are not facilitated by nitrate addition to the cells.
DISCUSSION
We have shown previously that the 5' flanking regions of NR1 deleted to -238 (NP1) and NR2 deleted to -330 (NP2) are sufficient to confer reporter gene expression comparable to that of the corresponding "full-length" promoters. To identify sequences responsible for nitrate-dependent transcription, we constructed sequential LS mutants across the entire regions of NP1 and NP2 immediately 5' to their respective TATA elements. Considering the total length (502 bp) of the sequence under investigation, relatively long regions (20 bp) were mutated, and these LS regions did not overlap. We reasoned that if an important site were divided between two neighboring LS regions, both LS mutants would be affected. To avoid the chance of including a specific binding site in every LS mutant, we chose to use a Arrows indicate PCR products of competitor DNA (C) and of target cDNA (T). A, NP1 LS mutants. Electrophoretic fractionation of the competitive RT-PCR products using RNA isolated from transgenic plants carrying WT (wild-type) construct (lanes 1 and 2), LS1 -9 (lanes 3 and 4), LSI-11 (lanes 5 and 6), and LSI-10 (lanes 7 and 8). Lanes 1, 3, 5, and 7 are from plants before nitrate addition, and lanes 2, 4, 6 and 8 are from plants after nitrate addition. One picogram of competitor DNA was used in reactions shown in lanes 1 to 6, and 0.05 pg was used in those shown in lanes 7 and 8. B, NP2 LS mutants. As in A, RT-PCR products representing the WT construct (lanes 1 and 2), LS2-1 2 (lanes 3 and 4), and LS2-9 (lanes 5 and 6) are shown. In lanes 1, 3, and 5, RNA was isolated from plants before the nitrate treatment, and in lanes 2, 4, and 6, RNA was isolated from plants after the nitrate treatment. One picogram of competitor DNA was used in all of the reactions. , and 74 bp, respectively. B, Gel mobility shift assay using the three probes. Probe I was used in lanes 1 and 4; probe II was used in lanes 2 and 5; and probe III was used in lanes 3 and 6. All lanes contain 2 /xg of poly(dl-dC) and, in addition, lanes 4 to 6 contain 1 /xg of poly(dA-dT). C, Gel mobility shift assay for comparison of the binding affinity of the three probes. Probe I is used in all of the reactions. All reactions contain 2 /xg of poly(dl-dC). In addition, lane 1 contains no specific competitor; lanes 2 to 4 contain 100X, 200X, and 300X molar excess of competitor I, respectively; lanes 5 to 7 contain 100X, 200X, and 300X molar excess of competitor II, respectively; lanes 8 to 10 contain 100X, 200X, and 300X molar excess of competitor III, respectively; and lane 11 contains 300 x molar excess of competitor IV. Figure 6 . Comparison of the protein::DNA complex formed with different nuclear extracts. Probe I (see Fig. 5A ) was used in all of the reactions. Nuclear extracts from tobacco suspension culture cells before (lane 1) and after (lane 2) nitrate addition were used in lanes 1 and 2. Nuclear extracts from nitrate-induced tobacco leaves were used in lane 3. B, Protein-bound probe; F, free probe.
unique 20 bp for each of the LS mutants. No more than 3 bp of homology was allowed between each LS and the corresponding 20-bp wild-type sequence. Each 20-bp mutant sequence was then compared with the entire regions of NP1 and NP2 to ensure that it had no more than a 5-bp homology. If a site capable of influencing transcription had been created, it would only change the transcriptional levels but should not alter the nitrate inducibility. The chance of fortuitously creating a site that is capable of increasing nitrate-dependent transcription and at the same time replacing an existing nitrate-responsive element is minimal.
Once LS mutants are generated, the expression of each construct can be analyzed to determine which regions contain the sequences that are necessary for the nitrateregulated expression of the reporter gene. This conceptually simple approach can be technically difficult when the transcriptional level of the promoter is low or when a regulated transient expression system is lacking (Vaucheret et al., 1992; C.-L. Cheng and Y. Lin, unpublished results) , as is the case of NR genes. When stable transformants are used in these analyses, variations caused by "position effects" can be normalized by analyzing large numbers of independent transformants. To facilitate the analysis we used a two-step procedure developed previously (Lin et al., 1994) . First, the CAT activities of 20 to 30 independent transformants of each LS mutant grown on MS medium were assayed to determine which constructs exhibited significantly higher or lower CAT activities than those of the wild-type constructs. Second, three to six independent transgenic plants that exhibited CAT activities close to the mean for each LS mutant were chosen. The CAT activities were assayed before and after nitrate addition to the medium (Tables I and II) . This two-step analysis allowed us to identify the three LS mutants that exhibited a magnitude of nitrate induction significantly lower than that of the wild-type constructs. The LS mutant (LSI-8) that exhibited significantly higher activity on MS medium did not lose nitrate-inducibility, suggesting that the wild-type sequence may contain a negative element that is not involved in the nitrate response. A sensitive method for quantifying mRNA, competitive RT-PCR, was employed to measure the CAT mRNA levels in transgenic plants carrying these three LS constructs. One (LSI-10) clearly lost nitrate induction at the mRNA level, and the other two (LS2-9 and LS2-12) were reduced. LSI-10 not only lost nitrate-dependent transcription but also decreased its transcriptional level. All three independent transformants carrying the LSI-10 construct exhibited approximately 10% as much steady-state CAT mRNA as the wild type in the absence of nitrate. In contrast, all three independent transformants carrying LSI-11 (positioned adjacent to LSI-10 and immediately 5' to the TATA element) showed wild-type levels of steady-state CAT mRNA in the absence of nitrate and were nitrate-inducible. It is possible that in addition to the sequences critical for nitratedependent transcription, this 20-bp region (corresponding to LSI-10) contains other sequences that are important for activating transcription. Alternatively, the transcription factor(s) binding to the sequences critical for nitratedependent transcription is also required, but less efficiently, for activating transcription in the absence of nitrate.
We have shown in previous deletion analyses that NP1, when deleted to -122, resulted in a marked decrease of reporter gene activity. In the case of NP2 the activity decreased once when deleted to -188 and again when deleted to -155. We predicted two possible locations for the nitrate-responsive elements. In one location the nitrateresponsive element resides 5' of -122 in NP1 and 5' of -155 in NP2. Alternatively, the nitrate-responsive elements are located 3' of -122 in NP1 and 3' of -155 in NP2, and one or more binding sites for other activators required for efficient transcription are located 5' of these two regions (Lin et al., 1994) . The identification here that LSI-10 (-58 to -39) in NP1 and LS2-12 (-110 to -91) in NP2 are important in nitrate-response fits the second prediction. In addition, the location of LS2-9 (-170 to -151) explains the two-step decrease of the activity observed in the NP2 deletion analysis.
The sequence conservation among the wild-type sequences of LSI-10, LS2-9, and LS2-12 supports the functional analyses of NP1 and NP2. Sequence redundancy between LS2-9 and LS2-12 suggests the functional redundancy of the two regions in NP2. A double mutant of LS2-9 and LS2-12 that loses nitrate-inducibility will further support this notion. The results obtained with NP1 alone, however, are sufficient to conclude that the wildtype sequence of LSI-10 is necessary for nitratedependent transcription.
The three regions defined by functional analysis as critical for nitrate-dependent transcription form complexes with a similar protein factor(s) in tobacco nuclear extract. Although mutational analysis is needed to identify the critical number of base pairs for complex formation, our results clearly demonstrated that the binding is specific and that these three sequences can efficiently compete with one another for complex formation. The factor(s) is apparently present in cells prior to nitrate induction. Constitutive expression of the factor(s) in the cell is consistent with the 
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12-bp consensus sequence among other N R and NiR genes. The numbers indicate the 5' ends of the sequences relative to translational start sites (+1) because some of the genes lack information on the transcriptional start sites. Sequence similarities based on the reversed sequences are indicated with (I). Arabidopsis NiR (Tanaka et al., 1994) ; Nicotiana tabacum N R genes nia-l and nia-2 (Vaucheret et al., 1989) (Salanoubat and Ha, 1993) ; rice N R gene nia (Choi et al., 1989) ; tomato NR gene nia (Daniel-Vedele et al., 1989) ; kidney bean NR1 (Hoff et al., 1991 1; kidney bean N R 2 (Jensen et al., 1994) ; kidney bean NiR (Sander et al., 1995) ; barley N R (Schnorr et al., 1991). observation that the time required for NR mRNA to increase in response to nitrate is short (Gowri and Campbell, 1989; Melzer et al., 1989; Cheng et al., 1991) and that protein synthesis is not required (Gowri et al., 1992) . The ability of the factor(s) to bind to the cis-acting element also is not affected by nitrate treatment of the cells. At least two models can accommodate these results. In one model the factor(s) is an activator, and its ability to activate transcription, but not its ability to bind DNA, is increased in response to nitrate. A well-studied example is the yeast heat-shock factor (Jakobsen and Pelham, 1988; Sorger, 1990 ). In another model the factor cannot function as an activator alone; rather, it directly or indirectly activates transcription together with an intermediary transcription factor (for a recent review of intermediary transcription factors, see Struhl, 1995) . In the latter case, the interaction between the factor(s) and the intermediary factor is facilitated when either one of the transcription factors is modified in response to nitrate.
A prediction arising from our interpretation that the A/T stretch followed immediately by the A(C/ G)TCA motif is necessary for nitrate-dependent transcription is that this motif would be conserved among other nitrate-inducible genes, i.e. NR and NiR genes from other species. We searched the 5' flanking regions of other NR and NiR genes in the database for this sequence motif (an AT-rich sequence followed by A[C/G]TCA) and found similar sequences in all of these genes (Fig. 7) .
In conclusion, we have analyzed the LS mutants to obtain a more detailed understanding of the 5' flanking regions of the two Arabidopsis NR genes. Although further experiments are required to determine if the 12-bp consensus sequence is sufficient to confer nitratedependent transcription, the results described here represent important steps toward defining the cis-acting element(s) that is responsive to nitrate induction and the identification of its binding protein(s). This loss-offunction analysis identified a 20-bp region in NP1 that is necessary for nitrate-dependent transcription. This region shares extensive sequence similarity with the wild-type sequences of two NP2 LS mutants that each exhibited partia1 loss of nitrate-inducibility. The conserved sequence motif is present in the 5' flanking regions of a11 plant NR and NiR genes that have been characterized. These three regions also bind protein factor(s) in tobacco nuclear extracts to form complexes. Together, these results suggest that this sequence motif plays an important role(s) in nitrate-dependent transcription.
